Objectives: Three dental topography measurements: Dirichlet Normal Energy (DNE), Relief Index (RFI), and Orientation Patch Count Rotated (OPCR) are examined for their interaction with measures of wear, within and between upper and lower molars in Alouatta palliata. Potential inferences of the "dental sculpting" phenomenon are explored. 
, and crown slope and angularity (e.g., Bunn & Ungar, 2009; , among many others. To complement traditional measures and with recognition of the potential for interobserver measurement error in some dental assessments (e.g., Boyer, Winchester, & Kay, 2015) , researchers have developed new quantitative topography-based metrics which are less reliant on common identification of homologous landmarks, and avoid inter-individual measurement variability (e.g., . Among these topography-based measures are Dirichlet Normal Energy (DNE; Bunn et al., 2011) , Relief Index (RFI; Boyer, 2008; , and Orientation Patch Count Rotated (OPCR; Evans & Janis, 2014; Evans, Wilson, Fortelius, & Jernvall, 2007; Pampush et al., in press; Winchester, 2016) . DNE measures the aggregate sharpness of a surface, or assesses its relative curvature (Bunn et al., 2011) . Although DNE has been described in great detail in several other papers (e.g., Bunn et al., 2011; Pampush et al., in press; Winchester, 2016; Winchester et al., 2014) , its complexity and importance to this study have prompted us to include a worked example in the Supporting Information materials (Supporting Information Document 1). Readers unfamiliar with DNE and its calculation should consult this document. RFI 1 is an assessment of the relationship between the surface area of a tooth crown, and its occlusal planimetric footprint (Boyer, 2008; . OPCR is a count of the number of separately oriented patches (i.e., surfaces/faces) on a tooth crown (Evans et al., 2007) .
These measures (DNE, RFI, and OPCR) have been shown to provide discriminating shape information correlated with traditionally used heuristic dietary categories (e.g., Winchester et al., 2014) . One benefit of these metrics' quantitative nature and freedom from homologous comparison is their potential use in interpreting the effects of occlusal wear. Therefore, application of these measures to wear series may open the way for more broadly-based interpretations of the paleontological record (given that it largely comprises worn teeth; see: Janis, 1984; , and may reveal insights into the interaction between wear and lifetime maintenance of dental functional competency in mammals.
Dental macrowear (both gross levels and general patterns) is a potentially informative phenomenon because it can provide direct evidence for how teeth were/are being used in vivo; and is an unrelenting selective agent with which mammals must adaptively engage. As evidence for the first point; dental wear patterns differ distinctly between browsing and grazing ungulates (e.g., Fortelius & Solounias, 2000; Janis, 1990) , track ecological gradients among Equidae both geographically (Kaiser & Schulz, 2006) and temporally (Mihlbachler, Rivals, Solounias, & Semprebon, 2011) , distinguish diet selection in bison (Guthrie, 1990) , and-importantly-reflect differences in the modes of interaction between upper and lower dentitions (Kaiser & Fortelius, 2003) . Within the order Primates, Janis, (1984 Janis, ( , 1990 showed wear patterns can detect dietary differences among colobus monkeys, and the modernized technique "Occlusal Fingerprint Analysis" (see Kullmer et al., 2009 ), has found some success using wear patterns to ecologically segregate hominins (e.g., Benazzi, Kullmer, Grosse, & Weber, 2011; Fiorenza & Kullmer, 2012; Fiorenza et al., 2011) . Regarding dental wear as a selective pressure, researchers have noted that mammals have apparently developed several different adaptive responses to retaining dental functionality against the unrelenting erosive consequences of attrition and abrasion (Janis & Fortelius, 1988) . Some frugivorous, omnivorous, and durophagous taxa have generally thickened their enamel in an adaptive attempt to stave off dental wear from morphologically altering their occlusal surfaces (e.g., Constantino, Lucas, Lee, & Lawn, 2009; Constantino et al., 2011; Daegling et al., 2011; Evans, Hunter, Fortelius, & Sanson, 2005; Grine & Martin, 1988; Grine et al., 2005; Janis & Fortelius, 1988; Kay, 1975; Maas & Dumont, 1999; Macho & Berner, 1993; Molnar & Gantt, 1977; Lucas, Constantino, Wood, & Lawn, 2008; Pampush et al., 2013; Schwartz, Thackeray, Reid, & van Reenan, 1998; Shellis, Beynon, Reid, & Hiiemae, 1998; Teaford, 2007; Teaford & Ungar, 2000) . Alternatively, many mammalian taxa consuming diets that are tough, abrasive, and fibrous, have adaptively harnessed wear to mature the dentition into what Fortelius (1985) termed "secondary morphology.
2 " Fortelius' (1985) conception of dental secondary morphology is characterized by three elements: (1) it is attained through wear (i.e., "dental sculpting" see below); (2) it is considerably modified from the original primary morphology; and (3), for a given diet, it is generally a functional improvement over the primary morphology (or at the very least its functional equivalent). An adaptive secondary morphology is achieved through selection acting on the primary morphology to promote wearing into a more functionally efficient device, such as those found in many ungulates where occlusal shearing abilities are maintained or even enhanced through dental wear (e.g., Fortelius, 1985; Fortelius & Solounias, 2000; Janis, 1990; Ungar, 2015) . Indeed, it has been shown that some taxa experience an initial "wearing in" period following tooth eruption after which their dentitions attain a more shearing-efficient masticatory form-although it should be noted that secondary morphology is not a static state (Fortelius & Solounias, 2000; Janis, 1990; Janis & Fortelius, 1988) .
Taxa that adaptively utilize wear through "dental sculpting 3 " (see Ungar, 2015) tend to produce secondary morphology better suited to breaking down fibrous foods. Studies documenting this phenomenon have largely focused on hypsodont mammals. This may be because the morphological arrangement of enamel, dentine, and sometimes cementum, in hyposodont teeth appears as if it would promote higher shear-
ing functionality within what might be called a "wear Goldilocks zone" (e.g., Brodie & Tobiasz, 1934; Lucas, 2006; Ungar, 2015) . That is, in a typical hypsodont tooth-wear series, topographic complexity and occlusal landmarks are said to remain remarkably consistent, allowing for directly homologous measures to be taken throughout the series (e.g., Evans et al., 2005; Fortelius, 1985; Janis, 1990; Janis & Fortelius 1988; Popowicz & Fortelius, 1997) . Examining inferred dental functionality through a wear series in brachydont teeth has proven less straightforward, partly because once formed the enamel-dentine configurations of the occlusal surfaces tend to alter more profoundly with wear, often making point for point comparisons difficult to implement.
Some researchers have opted to measure the length of the exposed enamel-dentine junctions-assuming these features are analogous to those in hypsodont herbivores (e.g., Elgart, 2010; Morse, Daegling, McGraw, & Pampush, 2013) . King et al. (2005) showed a relationship between exposed enamel-dentine junction length and infant survivorship in lemurs, suggesting that these features promote dentalfunctionality and are therefore selected. Lanyon and Sanson (1986) linked wear categories of koala teeth-determined by exposed enameldentine junction lengths-to food particle size in the animals' stomachs.
To avoid inter-observer error and reliance on occlusal features that are morphologically fluid with wear, some studies of brachydont teeth (particularly those concerning primates) have turned to topographybased metrics when analyzing variably worn teeth or dental wear series (e.g., Bunn & Ungar, 2009; Glowacka et al., 2016; Ungar, 2004; Ungar & Williamson, 2000; Zuccotti, Williamson, Limp, & Ungar, 1998) . Thus far, dental wear and topography studies on primates have focused on surface slope, angularity, and Ungar's formulation of RFI . The new topography metrics of DNE, and OPCR, as well as the reformulation of RFI, are likely to provide added insight into primate dental wear adaptations, since they approach the measurement of crown topography in novel ways. This is particularly true for DNE and OPCR; DNE represents the introduction of three-dimensional surface calculus (not dental calculus) to dental studies, and OPCR is a generalization of the facet-based approaches used in some wear studies. Additionally, Bunn et al. (2011) showed that variably worn teeth of primates possess distinctive DNE, RFI, and OPCR values correlated with dietary categories (i.e., frugivore, folivore, insectivore, etc.). However, they did not directly address or report the interactions between DNE, RFI, and OPCR with wear.
Alouatta palliata is one taxon that is particularly well suited for exploratory dental wear and topography studies. The species has a well characterized, high-fiber diet, wherein one would expect selection for occlusal shearing abilities (Glander, 1975; Lucas, 2006; Teaford, Lucas, Ungar, & Glander, 2006) . Additionally, the teeth of A. palliata are subjected to significant amounts of dental abrasives from both the materials of their diets (Teaford et al., 2006) , as well as exogenous dust and grit on their food (Spradley, Glander, & Kay, 2016; Ungar, Teaford, Glander, & Pastor, 1995) , leading to substantial dental wear exposure in these animals. One A. palliata study found that RFI, slope, and angularity of molar occlusal surfaces declines with wear but only to a remarkably small degree until wear substantially obliterates tooth surface details (Dennis, Ungar, Teaford, & Glander, 2004) . One implication from the work of Dennis et al. (2004) is that the worn teeth of these folivorous primates retain occlusal topographic properties reflective of their presumed dietary adaptations, potentially in a scenario analogous to ungulates' secondary morphology. When applying the topography metrics DNE, RFI (as formulated by Boyer [2008] ), and OPCR, intuition suggests that in howler teeth these measures should decline with increased wear in a manner similar to the findings of Dennis et al. (2004) . Furthermore, as has been shown in horses (mentioned above), wear patterns and the morphologies they produce can be significantly different in occluding teeth, potentially reflecting differences in masticatory roles and/or anatomy of the upper and lower dentitions (Kaiser & Fortelius 2003) . Therefore, the research presented here poses two important questions aimed at refining our understanding of dental wear and topography. First (1), how does A. palliata dental topography as assessed with the measures DNE, RFI, and OPCR interact with wear, and second (2), are there significant differences in these measures between the upper and lower molars in this primate taxon?
2 | MATERIALS A ND METHODS
| Specimens
We examined the teeth of 15 mantled howling monkeys (Alouatta palliata) held in the collections at Duke University's Department of Evolutionary Anthropology. Specimens were opportunistically collected from the long term field site La Pacifica, Costa Rica (Glander, 1975 Kay, 2000; Hershkovitz, 1981) . Additionally, within this particular opportunistic sample, the first molars showed a broader distribution of wear than the second molars.
| Occlusal surface wear measures
Wear on the A. palliata occlusal surfaces was assessed in two ways.
First, wear on the occlusal surfaces was measured with the Dentine Exposure Ratio (DER). Following the protocol described by Spradley et al. (2016) , scaled two-dimensional occlusal views of the teeth were sketched using a camera lucida by a single observer (JPS) making sure to trace the areas of exposed dentine. Drawings of the occlusal surfaces were digitally scanned and analyzed in Image J (Abramoff, Magelhaes, & Ram, 2004) . Consistent with previous research (e.g., Elgart, 2010; Galbany, Altmann, P erez-P erez, & Alberts, 2011; Morse et al., 2013) , DER was calculated as:
where DA 5 total area of exposed dentine, and TA 5 two-dimensional footprint area of the occlusal surface. This is a slight departure from other studies which have used percentages (e.g., Elgart, 2010) , however, equivalent values can be achieved by multiplying our DER by 100.
On the same drawings, the relative length of the exposed Enamel Dentine Junction (EDJL) on the occlusal surfaces was calculated as:
where ExEDJL is equal to the length of the occlusally-exposed enameldentine junction, and TA is identical to that in Equation 1. ExEDJL is measured in a two-dimensional plane, accounting for the entire boundary of the exposed dentine. This metric, or one similar, has been used in many previous studies (e. Morse et al., 2013; Lanyon & Sanson, 1986 , 2007-2015) . The upper and lower first molars were segmented using the "Label Field" module. A three-dimensional surface was reconstructed using the "Generate Surface" module with a smoothing level of 5. Each surface was edited with the surface editor to isolate the tooth crowns including the enameled cervix in keeping with prior studies that measured DNE (Bunn et al., 2011; Pampush et al., in press; Prufrock, Boyer, & Silcox, 2016; Winchester, 2016; Winchester et al., 2014) . The transformation editor was used to re-orient each tooth, visually aligning the occlusal planes parallel with the X-Y plane and normal to the Z-axis. The simplification editor was used to reduce the number of faces to 10,000 following the recommendations from previous work measuring DNE and OPCR from PLY files (e.g., Pampush et al., in press; Winchester, 2016; Winchester et al., 2014) . Once properly oriented, cropped, and simplified, the PLY file surfaces were smoothed using the "Remesh Surface" module with "smoothly" checked under the interpolation options and "contract boundary edges" selected with 25
iterations and a lambda value of 0.6. Recent work exploring DNE has noted the need for smoothing of CT-surface reconstructions to separate signal from noise in DNE measures resulting from the initial CT-scanning (see Spradley et al., in review) . Each resulting crown surface was saved as a Stanford PLY file and exported from Avizo 8.1 for analysis. DNE, RFI, and OPCR were calculated on each surface file using the default settings in the R (R Core Team, 2015) package "molaR" v 2.1 (Pampush et al., in press ). Copies of the "raw" (cropped and translated) and 
| Statistical analyses
The relationship between the two measures of wear: DER and EDJL,
was assessed with curvilinear regression analyses (i.e., fitting a quadratic). Each dental topography measure (DNE, RFI, and OPCR) was linearly regressed with the two wear measures (DER and EDJL).
Studentized residual analyses were conducted to ensure unusual data points did not qualify as outliers using the "car" package (Fox & Weisberg, 2011) which is more rigorous than simply adjusting the significance threshold by the number of tests performed.
| R E S U L T S 3.1 | Differences between the upper and lower first molars
Paired t tests comparing distributions of the upper and lower first molars are presented in Table 1 , and descriptive statistics can be found in Supporting Information materials (Tables S1 and S2 Tables 1, S1 , and S2).
| Relationship between DER and EDJL
The relationship between the two measures of wear (DER and EDJL) is non-linear. At the initial stages of wear, EDJL and DER increase together, but after about 20% of the dentine is exposed (i.e., DER 5 0.20), the summed lengths of the enamel-dentine edges levels off and then decreases at levels of wear exceeding 60% exposed dentine (DER 5 0.60). The curvilinear relationship between DER and EDJL is significant when fitted with a quadratic equation (Figure 2 ; Table 2 ).
| Relationship between wear and topographic measures
Linear regressions for DER against various topographic measures are presented in Table 3 Tables 1, S1 , and S2 for details)
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| DISCUSSION
The results document how three measures of tooth surface topography change with wear in a cross-sectional sample of upper and lower first molars from a single free-ranging howling monkey population.
Interestingly, there are significant differences in the distributions of distinctions between occluding teeth rooted in the ancestral tribosphenic design. The upper molars are buccal-lingually wider, with additional cuspules and cingula (Kay, 1975; Lucas, 2006; Swindler, 2002) , increasing the aggregate sharpness and accounting for the higher DNE value of these teeth. Additionally, the upper molars possess a relatively larger occlusal footprint which has the effect of down-shifting their RFI values. These differences between the occluding teeth are present in the earliest tribosphenic molars (Bown & Kraus, 1979; Butler, 1939; Simpson, 1936) , and may arise from the functional interaction of these teeth whereby the lower molar is buccolingually drawn across the upper molar during a rotary-style chew stroke (for more details see: Butler, 1952 Butler, , 1972 Crompton & Hiiemae, 1970; Mills, 1955 Mills, , 1963 Mills, , 1967 Mills, , 1973 Kay, 1975; Kay & Hiiemae, 1974; Lucas, 2006; Ungar, 2015) .
Ultimately the differences in measurement distributions between the upper and lower molars is small, yet (unsurprisingly) data from differing sets of teeth should not be directly combined or compared within or across taxa (Figure 1 ; Tables 1, S1 , and S2). However, (as stated above) the relational trends between the two measures of wear (DER and EDJL) and the topographic measures (DNE, RFI, and OPCR) are consistent across the upper and lower molars, except in the case of OPCR versus EDJL (addressed below). Therefore, in the interest of brevity, the remaining discussion and accompanying figures will focus on the relationship between wear and topographic complexity in lower molars, which are the more traditional focus of adaptive dental research.
| DER versus EDJL
The observed quadratic relationship between DER and EDJL (relative exposed Enamel Dentine Junction Length) is unsurprising (Figure 2 ).
Previous researchers have reported similar relationships in these measures (e.g., Anthony, 1994; Morse et al., 2013) , and this is an expected consequence of occlusal enamel loss. A value of zero EDJL can be achieved with either no enamel removed, or complete enamel removal.
As enamel is removed from the occlusal surface of a tooth, its DER value will invariably increase. Initially, exposing more dentine on the occlusal surface leads to a longer perimeter of the enamel-dentine edges. However, once the teeth are worn sufficiently (in this sample, once 50-60% of enamel on the occlusal surface is replaced by exposed dentine), EDJL will decline. The net effect is that the EDJL value peaks well before all of the enamel is lost from the occlusal surface. Therefore, when regarded independently, DER is a better assessment of the gross level of wear a tooth has sustained than is EDJL. The interaction of EDJL and DER in "wear space" does provide insights into how a particular set of teeth wear, which is expected to be dependent on occlusal morphology and enamel thickness (Anthony, 1994; Morse et al., 2013) . Many previous authors have argued that EDJL provides information about the shearing capacity of worn teeth (e.g., Kay & Hylander, 1978; King et al., 2005; Lanyon & Sanson, 1986 )-a notion we look to further refine below. Building on these observations and the findings discussed in the coming sections, EDJL is probably best considered not as a metric for assessing wear or as an explicit assessment of shearing capacity, but rather as a measure of occlusal surface complexity, which provides some indirect insight into dental function. 
| DNE and wear
There is a strong positive relationship between DNE and gross level of wear-as assessed with DER-in our sample (Table 3, Figure 3 ). DNE is a summed value, representing the amount of curvature across the entire surface of the tooth (Bunn et al., 2011) . In unworn teeth the preponderance of the DNE value is derived from the surface energies on the cusp tips and crest ridges (see tooth A, Figure 6 ), which in howling monkeys are quite sharp. As molar enamel is worn away, the cusp tips are blunted and the crests are worn down. However, the oncecontinuous enamel that covered these features is perforated and develops new edges along the rims of newly exposed dentine pockets.
These newly created enamel-dentine edges (i.e., "compensatory shearing crests" see: Ungar, 2005) are continually sharpened as a consequence of the enamel being harder and more durable than the dentine, so that food pushed against any ridge will "cup out" the dentine in the leading edge of the crest (Bargo, Vizcaíno, & Kay, 2009; Fortelius, 1985; Rensberger, 1973) . Initially, the increased length of newly exposed enamel-dentine junction cutting edges offsets the loss of DNE from cusp and crest blunting as the newly created cutting edges are Pampush et al., in press . For more thorough discussion). Additionally, as can be appreciated from the DNE-mapped occlusal surfaces illustrated in Figure 6 , the majority of each occlusal surface contributes very little to the surface's DNE value. Instead, the relatively small percentage of the surfaces along the edges of crests and enamel boundaries account for nearly all of the surface's total DNE. In these areas of the surface, Dirichlet Energy Density (the localized contributor to DNE) increases with tooth wear. Dirichlet Energy Density-which is a measure of the relative local curvature-increases with wear partly because it has an exponential relationship to surface curvature (Bunn et al., 2011; Pampush et al., in press) . That is to say, the DNE of a surface (the sum of its energy densities) will be much more affected by changes in curvature in a localized area already acutely curved, than it will be by proportional alterations in an area of the surface that was initially nearly flat. The nature of the Dirichlet Energy Density calculation may also account for the observation that the relationship between DER and DNE is significant and positive, whereas there is no obvious relationship between EDJL and DNE (Table 3; Figure 3 ). The lack of DNE-EDJL correlation Figure 2 ) illustrated below. Energy quantities across the surfaces visualized here were log-transformed to accentuate the differences between faces near the median energy calculated per face (see legend at left Figures 3 and 6 , DNE does not substantially increase simply from increasing EDJL. The initially exposed enamel-dentine junctions may require some honing before their aggregate sharpness is higher than the original cusps and lophs. A required sharpening, or wearing-in period would effectively explain why DNE increases most appreciably after EDJL peaks rather than simultaneously with it.
Our finding that DNE increases with DER is generally consistent with previous work using similar topographic measures (e.g., Bunn or at least maintain the shearing ability of the teeth; a kind of dental sculpting which may be promoting something equivalent to secondary morphology (Fortelius, 1985) . Other researchers have also noted that folivores tend to maintain higher values of occlusal surface angularity across wear stages, whereas the same dental sculpting phenomenon is not observed in non-folivorous taxa (e.g., M'Kirera & Ungar, 2015; Ungar & Williamson, 2000) . Additionally, studies assuming exposed enamel-dentine junctions replace lophs and cusps as the shearing features on occlusal surfaces showed that-prior to dental senescence-shearing capacity increases in some taxa (King et al., 2005; Lanyon & Sanson, 1986 ). Prior research has demonstrated that unworn teeth of folivorous primate species have significantly higher DNE values than those of nonfolivorous taxa (Bunn et al., 2011; Winchester et al., 2014) . Additionally, as highlighted in the discussion above, DNE is a direct assessment of a surface's sharpness, unlike EDJL, which assumes that all exposed enamel-dentine junctions are equally sharp. This inference is reinforced by the interactions between DNE, DER, and EDJL, where DNE is correlated with DER (suggesting continuous honing of enamel-dentine boundaries), but not correlated with EDJL (implying that not all enamel-dentine boundaries are sharp). Given this framing, it is both surprising and interesting that DNE increases with wear in this sample.
This finding invites several speculations: First, the inclusion of dentally senescent individuals may show DNE to eventually level off or decline Spradley et al., 2016) . It is possible that DNE measured in such populations would have a more quadratic fit with DER, similar to the way DER and EDJL interact. Second, if we assume high dental DNE is an adaptive response to a folivorous diet, and the observed increase in DNE with DER is indicative of adaptive dental sculpting, then we predict a similar sample of teeth from taxa with less fiber in their diets would not only exhibit lower DNE values in unworn teeth (e.g., Winchester et al., 2014) , but also will not exhibit the same dental sculpting effect. To put the latter point more explicitly: if dental sculpting is an adaptive phenomenon associated with folivory and secondary morphology (Fortelius, 1985; Janis, 1990; Janis & Fortelius, 1988) , then non-folivorous primates should have DNE values exhibiting relationships with DER (or wear generally) which are either: negative (i.e., DNE decreases with wear), weaker (i.e., smaller effect size), or non-significant (i.e., no pattern). Future investigations could target
Ateles spp., a more frugivorous platyrrhine from the same family (Atelidae).
| RFI, DNE, and wear
RFI exhibits a strong negative relationship with DER (Table 3; (Table 5 ). The transformed points are plotted in Figure 7 . In our intra-specific sample of variably worn howler teeth, DNE increases and RFI decreases with increasing wear, while in the inter-specific sample of unworn or lightly worn teeth, DNE and RFI increase in tandem. Taken in the context of feeding adaptations, these-seemingly contradictory-results support the inference that dental sculpting is an adaptive response to dietary differences. In Howling monkeys have a few other characteristics that suggest that their teeth are structurally adapted to promote dental sculpting.
First, compared to other similarly-sized platyrrhine taxa, they possess relatively thin enamel (Olejniczak, Tafforeau, Feeney, & Martin, 2008) , which has frequently been interpreted as an adaptation for folivory in primates (e.g., Kay, 1975 Kay, , 1981 Pampush et al., 2013; Rensberger, 1973; Shimizu, 2002; Ungar & Williamson, 2000) . Second, initial tooth morphologies that anticipate wear-based modification to attain a more efficient secondary morphology require a diet abrasive enough to induce sufficient wear (Fortelius, 1985; Fortelius & Solounias, 2000; Janis & Fortelius, 1988; Pampush et al., 2013; Ungar, 2015; Ungar & Williamson, 2000) . To that end, howling monkeys have been shown to have a relatively abrasive diet (Teaford et al., 2006; Ungar et al., 1995) . Third, variable levels of hardness on either side of the crests and cusps on Alouatta enamel caps suggests a mechanism for stereotyping the observed wear sequences and enabling dental sculpting (Darnell, Teaford, Livi, & Weihs, 2010) . In sum, high initial RFI, a positive correlation between DNE and wear, a relatively abrasive diet, and overall thinness of enamel with a non-uniform hardness of the enamel cap, is consistent with the hypothesis that the primary morphology of howling monkey teeth promotes dental sculpting, resulting in maintenance or increase of shearing function with tooth wear.
| OPCR and wear
We find no systematic trend between wear and OPCR (Tables 3 and 4; Figures 5 and 8), even though linear regression analysis of OPCR with EDJL on lower molars is significant, a relationship we interpret as spurious (more below). Previous authors have argued that OPCR is an assessment of the "number of tools" or "cutting surfaces" on a tooth (and therefore related to tooth designs to comminute food), and showed a positive relationship between OPCR values and increasing amounts of leaves and/or grasses in a species diet (Evans & Janis, 2014; Evans et al., 2007) . However, for unworn isolated primate molars OPCR has not proven to be an effective discriminator of diet, and among platyrrhines has a negative relationship with the amount of leaves in the diet (Winchester et al., 2014) . Regardless, if OPCR is an effective measure of occlusal shearing capacity, and howlers possess adaptive dental sculpting, then the expected result would be for OPCR to increase or be maintained with wear in our sample. This expectation is partially observed in two ways in our analyses. First, there is a statistically significant linear relationship between OPCR and EDJL in lower molars. However, the effect size in the relationship between OPCR and EDJL is fairly small (coefficient 10, r 2 5 0.37) and there is no compelling reason to suspect that the relationship between OPCR and EDJL would differ between the upper and lower molars, as is observed here (Tables 3 and 4) . Together, this leads to our conclusion that the observed significant relationship between these measures is spurious, et al., 2013) , including this one, and are theoretically well founded.
Building on that expectation, the significance of a post-hoc attempt to quadratically fit DER with OPCR did not meet the significance requirements of the Bonferroni correction in this sample. While a quadratic fit may make sense for explaining the relationship between OPCR and wear, application of OPCR to primate dental studies may be premature.
For one, as previously noted, this sample does not contain extremely worn or dentally senescent teeth, which might be expected to exhibit OPCR values similar to lightly worn teeth in a quadratic fit. If so, this would push many of the values exhibiting lower OPCR but higher wear into the center of the parabolic curve, likely negating a potential fit.
Additionally, while some progress has been made in further development of the OPCR metric, there remain substantial issues to overcome when applying this measure to primates and other species with minimally modified tribosphenic teeth (Pampush et al., in press ). Those issues include: a lack of significant effect size when intra-specifically comparing primates of differing diets (see Winchester et al., 2014) , problems with replicability, and potential complications arising from variations in OPCR calculation across software platforms (Pampush et al., in press ). So while some applications of OPCR show potential (e.g., Evans & Janis 2014; Evans et al., 2007) , and the metric is conceptually intuitive and appealing, it is currently in need of further refinement before more definitive information can be gleaned using it, at least in primate studies.
While further refinement is needed to improve the OPCR calculation used in this study, the complex relationship between DER, EDJL, and OPCR is suggestive of potential utility for the OPCR metric when measuring worn primate teeth. Maximum OPCR values tend to occur in the peak of the DER versus EDJL curve (Figure 8 ; although as can be seen one of the lowest OPCR values also occurs there). These are surfaces which have a relatively high EDJL to DER ratio, that is, the occlusal surface of the tooth has a relatively long perimeter of exposed enamel-dentine junction, yet a relatively small amount of the surface has lost its enamel covering. This situation may be analogous to the small infolded lophs created by interacting layers of enamel and dentine (as well as cementum in some instances) found in the secondary morphology of rodent and ungulate teeth (Fortelius, 1985; Fortelius & Solounias, 2000; Janis & Fortelius, 1988; Lucas, 2006; Ungar, 2010) .
This observation potentially accounts for the disparate findings of OPCR's dietary discriminating power when working with either a sample of rodents (e.g., Evans et al., 2007) or primates (e.g., Winchester et al., 2014) . Therefore, future refinement efforts of OPCR for use in primates should probably focus on the interaction between DER, EDJL, and OPCR as a guide.
OPCR and DNE do not have a linear relationship in this sample of howling monkey teeth (Figure 9 ). The teeth exhibiting the highest DNE values are not the same teeth possessing the highest OPCR values. Yet both of these metrics are put forward as assessments of dental shearing capacity (cf., Bunn et al., 2011; Evans & Janis, 2014; Evans et al., 2007; Winchester et al., 2014 potentially reflecting fundamentally different approaches to food processing in different clades.
The inconsistent dietary discriminating power of OPCR across studies (cf., Evans & Janis, 2014; Evans et al., 2007; Ledogar et al., 2013; Winchester et al., 2014) may alternatively be explained by differences in application rather than by some underlying biological phenomenon.
Attempts to apply OPCR to primates have consistently used isolated teeth (often the M 2 , see: Ledogar et al., 2013; Winchester et al., 2014) rather than whole tooth rows, contrary to Evans and colleague's (2007) original conceptualization of the metric. In an example of a study straddling these approaches, Boyer et al. (2010) analyzed OPCR for P 4 s and M 2 s in a sample of extinct plesiadapids and found significant differences among three taxa-which they interpreted as different dietary adaptations. They argued that use of the full tooth row may have provided further discrimination among the specimens (Boyer et al., 2010) . Although the high degree of covariation among their OPCR measures across teeth may also suggest that measuring one tooth should be sufficient, and the decision of which tooth to analyze should be informed by the particular hypothesis being tested. Last, perhaps OPCR is too coarse a metric to deliver dietary signal in primates, a clade characterized by extensive dietary flexibility and subtle gradations across an insectivorous-frugivorous-folivorous continuum (e.g., Chapman & Chapman, 1990; Chapman et al., 2002; Garber, Righini, & Kowalewski, 2014 (Pampush et al., in press) provides up front arguments allowing users to specify the minimum number of individual PLY faces, or the minimum percentage of the total surface a patch must constitute to be counted toward the final patch count. It is worth repeating, OPCR probably should not be discarded as a metric, but rather refined for use in primates.
| C O NC LU S I O N S
Surface topography measures of molar teeth such as those investigated here, and others (e.g., slope, angularity, see: Ungar & Williamson, 2000) , are providing new insights into primate dental functional anatomy, and paleoecological reconstructions (e.g., Boyer, 2008; Boyer et al., 2010; Bunn et al., 2011; Glowacka et al., 2016; Prufrock et al., 2016; Ungar, 2015; Ungar & Williamson, 2000; Winchester et al., 2014; Zuccotti et al., 1998) . Continued efforts to understand and refine these metrics should prove extremely valuable given that they are free from the encumbrances of measures reliant on homologous features (see Kay, 1975) , or consistent and careful training of observers (e.g., Boyer et al., 2015) ; and in the case of unworn teeth, these topographybased metrics can serve as a complement to more traditional measures.
Understanding the intra-specific interaction of these topographic measures with wear is especially important when considering that a large portion of the paleontological record comprises worn teeth . Additionally, these topographic approaches may reveal unexpected insights into the lifetime maintenance of dental functionality in the face of dental wear and its attendant effects on inclusive fitness.
In this cross-sectional study of tooth wear in Alouatta, RFI declines whereas DNE increases with gross wear, in a phenomenon we are tentatively associating with dental sculpting (see Ungar, 2015) to produce a primate version of "secondary morphology" sensu Fortelius and Solounias (2000) . The relationship between RFI and DNE changes depending on the level of comparison; in an intra-specific sample of variably worn howler teeth, RFI and DNE are negatively correlated. However, when considering unworn or lightly worn platyrrhine teeth, species means of RFI and DNE are positively correlated. Taken together, these observations support the hypothesis that unworn RFI is-at least in part-a measure of the built-in design of a tooth to resist dental senescence, particularly so if the tooth wears through an adaptive dental sculpting regime. The variable OPCR is in need of further refinement and investigation to determine its value (if any) in distinguishing dietary profiles in primates. Future studies should investigate wear, RFI, and DNE in other folivores to confirm these findings, and/or in nonfolivores to gain perspective on the relative importance of the dental sculpting phenomenon.
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We thank Cristina I. Oliveira, Lauren A. Gonzalez, Gabriel S. Yapuncich, Dirichlet Normal Energy (DNE) was first introduced to dental studies by Bunn et al. (2011) who recognized its utility for characterizing tooth surfaces. DNE is an integral measure of a surface's angulation; or is the summation of the total curvature of the surface. The total DNE of a surface is expressed as:
Where: p = a point on a surface e(p) = the Dirichlet Energy Density at p area(p) = the area about point p
The Dirichlet Energy Density calculation is the backbone of the DNE calculation. It measures the localized curvature of the surface. It is calculated as the sum of the squared differences in curvature between a flat plane (0) and the two principal curvatures of the surface at a point. It is expressed in a simplified formula as: The absolute curvature at a given point on a surface is characterized with two principal curvatures occurring in principal directions; each respectively representing the highest and lowest curvature values at a given point. Curvatures are measured continuously on the real number line (i.e., values from negative infinity to positive infinity). Thus the two principal curvatures at a given point are the two extrema of all the curvatures about the point.
A principal curvature at a given point is measured as the reciprocal of the osculating circle's radius. The osculating (i.e., 'kissing') circle is the circle whose perimeter is; tangent to the given point, occurs in the plane of the principal direction, and most tightly fits the localized contour profile of the surface (i.e., two dimensional tracing of the surface in the principal plane). A principal curvature is assigned a positive value if the osculating circle fits above the surface and negative if below.
To better understand the principal curvatures about a point; consider the principal curvatures about the saddle point p (red dot) on the surface below ( Figure S1 ) described with the formula:
Eqn (3) Within the space: −1 ≤ ≤ 1; −1 ≤ ≤ 1 Figure S1 :
